Changes in Core T e Fluctuations Across the Ohmic Energy Confinement Transition 2
Introduction
One of the oldest unsolved problems in tokamak transport research is the change of confinement regime in ohmic plasmas. It has been observed in several tokamaks spanning a wide range of parameters that energy confinement time increases linearly with the average electron density, before saturating above a critical density value [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11] . These confinement regimes are referred to as the Linear and Saturated Ohmic Confinement (LOC and SOC) regimes, respectively. An example from Alcator C-Mod is shown in Figure 1 . One hypothesis that has long been considered is that a change of the dominant type of turbulence, from TEM in the LOC to ITG in the SOC, is related to the change of confinement regime [5, 6, 12] .
Numerous investigations of the LOC to SOC transitions have been performed on tokamaks around the world. In Alcator C, it was observed that the propagation of the density fluctuations measured by the CO 2 laser scattering and correlation techniques changed from electron to ion diamagnetic direction across the LOC/SOC transition [13] . In ASDEX-U, it was found that density profiles in the LOC regime were flattened when Electron Cyclotron Heating(ECH) is applied, consistent with quasi-linear predictions in TEM dominated plasmas [12] . In FTU, power balance analysis indicates that electron heat diffusivity decreases and ion heat diffusivity increases as density increases in ohmic plasmas, implying the change of turbulence from TEM to ITG as density increases [7] . In DIII-D, using coherent Thomson scattering, it was observed that there is a sudden increase of line integrated density fluctuations in the low frequency range near the boundary between LOC and SOC. Linear gyrokinetic simulation with adiabatic electrons suggests the observed turbulence in the SOC regime was consistent to ITG modes [6] . Using a similar scattering system, ion mode turbulence in the SOC regime was also observed in TEXT, and found to be also consistent with ITG modes [14] . However, in Tore-Supra, a decrease in the relative density fluctuation level was observed as density increases in ohmic plasmas. Power balance analysis of these plasmas found that the electron heat diffusivity was reduced as density increases without a significant change of ion heat transport, opposing the hypothesis about ohmic confinement regime being linked to a change in ITG/TEM dominance [3] . In Alcator C-Mod, using Phase Contrast Imaging(PCI) [8, 15] ion mode turbulence was observed in the SOC regime, and through gyrokinetic simulations, it was concluded that ITG modes are dominant in the SOC regime in the past. However, in the LOC regime, electron and ion heat diffusivities from experimental profiles were not consistent with the values from nonlinear gyrokinetic simulations [16] .
Despite extensive previous work, the cause of the different ohmic confinement regimes is still not well understood, and experiments aimed at correlating the change in ohmic confinement regime with changes in measured turbulence have been restricted to line integrated density fluctuations. Local measurements of the turbulence, along with measurements of different fluctuating fields(e.g. temperature), can help to test the hypothesis that the ohmic confinement transition is related to changes in the dominant turbulent mode.
In this paper, we present measurements of electron temperature fluctuations obtained using a newly commissioned Correlation Electron Cyclotron Emission (CECE) system on Alcator C-Mod. These measurements are both the first local turbulence measurement and the first measurements of electron temperature fluctuations ever to be performed in LOC and SOC regimes.
Experimental setup
This analysis presented here focuses primarily on the long stationary periods of two ohmic plasma discharges in C-Mod (t=0.9-1.4 sec, i.e., ∆t=0.5sec, during the plasma discharge); one in the LOC regime and one in the SOC regime. These discharges were operated with toroidal magnetic field of B t =5. 4 T in co-current direction, I p =0.9 MA in Lower Single Null (LSN) configuration with R=0.67m, a=0.22m, elongation,κ=1.6, lower triangularity, δ l =0.54 and upper triangularity, δ u =0. 26 . They differ only in their densities (central chord line integrated density,n e = 0.5 × 10 20 m −2 for LOC andn e = 0.8 × 10 20 m −2 for SOC). We also use a series of LOC and SOC shots to observe the change of electron density and temperature fluctuations across LOC/SOC transition. For both LOC/SOC plasmas, the toroidal magnetic field was set to 5.4T on axis, and the direction of toroidal magnetic field was co-current direction. Plasma current, I p was in the range of 0.8-1.2 MA in lower/upper single null configuration with R=0.67m, a=0.22m and κ=1.6-1. 7 . In LSN configuration, δ l =0.50 and δ u =0. 28 , and in USN configuration, δ l =0.34 and δ u =0. 62 .
For these plasmas, we kept most plasma parameters fixed, changing electron density on a shot by shot basis. The central chord line integrated density was scanned from 0.5 − 0.9 × 10 20 m −2 . It has been observed robustly that a direction of toroidal rotation is reversed at the LOC/SOC transition [9] . In C-Mod, LOC plasmas have core toroidal rotation in co-current direction and it changes to counter-current direction in the SOC regime. We used the change in the core toroidal rotation direction to distinguish between ohmic confinement regimes since it is the most sensitive indicator [9, 10, 11] .
The Thomson scattering diagnostic [17, 18] was used to measure the electron density and temperature profiles, and the ECE grating polychrometer diagnostic [18, 19] is also used to measure temperature profiles. The ion temperature and toroidal rotation profiles were measured with high resolution imaging x-ray spectroscopy [20, 21] . A two color interferometer was used to measure line averaged electron density [18, 22] . Line integrated electron density fluctuations were measured by PCI [8, 15] , and electron temperature fluctuations were measured by the CECE diagnostic [23] .
The CECE diagnostic can measure electron temperature fluctuations associated with long wavelength turbulence(k y ρ s < 0.3, where k y is the poloidal wave number of the turbulence and ρ s is the ion sound gyroradius, which is defined by ρ s = c s /Ω ci , where c s = T e /m i and Ω ci = eB/m i c). The measured fluctuation level is expected to vary due to the relative position in the plasma [24] and also due to changes in poloidal resolution along the beam path [23] , thus we take care to compare electron temperature fluctuation levels measured in several ohmic plasmas at the same radial position, near ρ ∼0.8, where ρ is the normalized square root of toroidal flux.
CECE uses correlation techniques to reduce the uncorrelated thermal noise and elucidate the time-averaged electron temperature fluctuations. The sensitivity of CECE diagnostic is given by [25] ,
where N is the independent sample used in correlation, which is given by N = 2B vid ∆t [26] . B IF is IF bandwidth, which indicates the detection bandwidth determined by the bandwidth of the intermediate frequency (IF) filter. B vid is the video bandwidth, which indicates the signal bandwidth determined by the bandwidth of video amplifier or post processing such as digital filtering. From Eq. 1, the sensitivity of CECE can be ∼0.3% through correlation over a long enough time(∆t=0.5s) with B IF =200MHz, B vid =500kHz. Since long time averaging is required to measure small T e fluctuations(∼1%), the plasmas should be steady during a long enough time interval so that the correlation technique can be used to suppress thermal noise in the data and to obtain meaningful fluctuation data from CECE. In order to verify stationary plasma conditions, we consider macroscopic plasma parameters such as plasma current and central line averaged electron density. Figure 2 shows the time series data for a typical LOC plasma (shot 1120626023) and a SOC plasma (shot 1120626028) in C-Mod during the measurement time (0.9-1.4s). Figure 2 (a) shows the plasma current of two plasmas. We can see that the plasma current is almost constant in this time range. C-Mod also has a very steady toroidal magnetic field (varies less than 1% of the mean value during measurement time), which ensures the position of CECE channels will be also steady. Figure 2(b) shows the central chord line averaged density. As shown in the figure, this quantity was steady, and fluctuated less than 5% of the mean value during the averaging time range (0.9-1.4s). We also checked electron density and temperature at the CECE measurement position (ρ ∼ 0.8) in this time range, shown in Figure 2 (c) and (d). The electron density and temperature at the CECE measurement position did not vary outside the error of each measurement. Figure 2 (e) shows the electron temperature at the plasma center, where the presence of sawtooth activity results in perturbations of the electron temperature. However, the CECE measurement region is well outside of the sawtooth inversion radius, and is unaffected by this perturbation. Other shots used in this study also had similar time series data. These plasmas were steady and correlation techniques can be reliably applied to these plasmas to obtain the time-averaged temperature fluctuations from CECE. Figure 2 (f) shows the core toroidal velocity. As expected, the LOC plasma (shot 1120626023) has toroidal rotation in the co-current direction, and the SOC plasma (shot 1120626028) rotates toroidally in the counter-current direction.
Fluctuation measurements

Determination of Temperature Fluctuation Levels from CECE measurements
Using CECE, we measured electron temperature fluctuations in ohmic plasmas just across the ohmic confinement transition, and also deep into both the LOC and SOC regimes. For this measurement, we calculate the cross-correlation of two signals from the CECE radiometer, which are separated in frequency space. However, the separation is smaller than the ECE linewidth. In this measurement, two channels are separated by 0.5GHz but the linewidth of the EC emission is about 2.5GHz. This means that emission measured by the two adjacent channels comes from physically overlapped sampling volumes in the plasma. Since two signals come from overlapped emission volumes, they will have in common the electron temperature and fluctuation information. As long as the frequency bands of the IF filters in the receiver do not overlap, the thermal noise is decorrelated between the two channels as shown in Figure 8 in [27] . Thus, cross correlation of the two CECE signals eliminates the thermal noise and we can obtain the amplitude and spectrum of time averaged electron temperature fluctuations. Further explanations about this decorrelation scheme can be found in [25, 26, 27] .
The cross correlation coefficient(C xy ) is defined as [28] ,
where τ is the lag time, the R xx (0) and R yy (0) are auto correlation functions of each signal when lag time, τ , is equal to 0, and R xy (τ ) is a cross correlation function of the two signals, and are written as follows [28] .
If two CECE signals have coherent temperature fluctuations and incoherent random noise, R xy (0) will be proportional to the amplitude of time-averaged electron temperature fluctuations, and we can obtain the relative temperature fluctuation level(T e /T e ) from C xy (0) value (see appendix A). We also can observe electron temperature fluctuations using the cross spectral density function(G xy (f )) or coherence(γ xy (f )) spectrum. The coherence(γ xy ) in this figure is defined as [28] ,
where the G xx (f ) and G yy (f ) are auto spectral density functions for signal x(t) and y(t), and G xy (f ) is a cross spectral density function of the two signals. The meaningful turbulence features will be coherent, and will be larger than the statistical limit of coherence, which is taken to be the standard deviation of the coherence [28] . We can determine the amplitude of the coherent fluctuations by integrating the cross spectral density function(G xy (f )) in the frequency range where we observe fluctuations above the statistical limit. The relative electron temperature fluctuation level can be calculated by Eq. 7 .
with [f 1 , f 2 ] are the frequency range for cross spectral density integration. The derivation of Eq. 7 is given in the appendix.
Since parasitic noise can also lead to coherent fluctuations above the statistical limit, we need another tool to determine whether coherent fluctuations are real turbulent fluctuations or not. The cross phase angle(θ xy ) can be a tool for this. The cross phase angle(θ xy ) is defined as [28] ,
where
Since two CECE signals come from overlapped emission volume, real turbulent fluctuations from two signals are likely to be in phase and will not have random phase relation. In contrast, parasitic noise from two signals does not necessarily have a fixed phase relation. Thus, we can distinguish the real physical fluctuations from noise with more confidence by using both the coherence and cross phase spectrum. In this study, we calculate the relative electron temperature fluctuation level from coherence and cross phase spectrum rather than from cross correlation coefficient. This is because we can minimize the effect of the noise in the calculation of electron temperature fluctuations from coherence and cross phase spectrum. However, it is hard to exclude the effect of parasitic noise when the fluctuation level is calculated from C xy (0). Figure 3 shows the coherence(γ xy ) and cross phase angle(θ xy ) of two adjacent CECE channels, which are separated radially about 2mm along CECE beam path and located at ρ ∼ 0.8 for typical LOC (shot 1120626023) and SOC (shot 1120626028) plasmas. The dotted line in the coherence spectrum indicates the statistical limit of coherence. The spectrum in Figure 3 was averaged over 0.5sec (0.9-1.4sec) to reveal electron temperature fluctuations and reduce random thermal noise. Figure 3 (a) shows the spectrum in the LOC (shot 1120626023) regime. We can see broadband fluctuations above the statistical limit up to ∼170kHz in this spectrum. Figure 3(b) shows the coherence of two CECE signals in a SOC plasma. We can see that fluctuations up to 170kHz were reduced in the SOC regime compared to the LOC regime. We can also see that the cross phase spectra in Figure 3 (0.9-1.4sec) respectively. As shown in Figure 4 , we can see that the correlation peak at lag time=0 decreases in the SOC regime compared to the LOC regime, implying the reduction of the relative electron temperature fluctuation level across LOC/SOC transition.
Using Eq. 7, the relative fluctuation level(T e /T e ) was calculated. The proper frequency range for cross spectral density integration was determined from coherence and cross phase spectrum, and it was 10-170kHz and 70-170kHz for the LOC/SOC plasma, respectively. The low frequency up to 10kHz was excluded due to electronics noise in all CECE signals. Using Eq. 7, the calculated electron temperature fluctuation level was reduced from 1.0% in the LOC regime to 0.6% in the SOC regime, a 40% reduction.
Since the CECE measurement position in this study is near the edge, the optical depth is not high enough to ignore the effect of the density fluctuations. The optical depth range of plasmas used in this study is 1.6-3.3 . It is known that fluctuation signals in CECE diagnostic can be contaminated from density fluctuations when optical depth, τ , is low(τ < 2) [29] . For second harmonic X-mode case like CECE measurements in this study, the contribution of density fluctuations to the fluctuations in CECE signals can be estimated from the given equations as [29] ,
where A =
), I 1,2 is the intensity of each CECE signal used in correlation technique, and χ is the wall reflectivity with typical value of ∼ 0.8 for metal wall facility like C-Mod in this estimation.
From Eq. 9, it is required to know the relative density fluctuation level and phase between density fluctuation and temperature fluctuation to estimate the contribution of density fluctuation to the measured radiation fluctuations. When density fluctuations and temperature fluctuations are in phase or out of phase, the contribution of density fluctuations is maximum. In Section 4, linear gyrokinetic analysis is used to predict the phase angle between density fluctuations and temperature fluctuations, and we find that it falls between 0 and π/2. Thus, assuming in phase relation between two fluctuations will maximize the effect of electron density fluctuations. Although we do not measure local density fluctuation level, it has been observed that the density fluctuation level can be comparable to the temperature fluctuation level in the tokamak plasmas [24] . We use this information to estimate the maximum contribution of density fluctuations. Since the maximum electron temperature fluctuation level observed in the 2012 CMod campaign was ∼1.5%, it is reasonable to assume the density fluctuation level is 2% to estimate the contributions of density fluctuations to the CECE measurements. Assuming a 2% density fluctuation level with an in phase relation to the electron temperature fluctuations gives the upper bound on the density fluctuation contribution to the measured temperature fluctuations.
Determination of relative density fluctuations with Phase Contrast Imaging(PCI)
Using the PCI system on Alcator C-Mod, the line integrated density fluctuations are measured in the same LOC and SOC plasmas where CECE measurements are made. Figure 5 (a) and (b) shows the normalized frequency/wavenumber spectra of PCI measurements, which is defined as the frequency/wavenumber spectra, S(k R , f ) divided by the square of the line averaged density in LOC and SOC plasma respectively. Thus, the relative line integrated density fluctuation level, | ñ e dl|/n e l can be calculated by integrating this spectrum. The positive wave number in this spectrum indicates that the turbulence moves radially to the lower field side, and the negative wave number represents turbulence that propagates to the higher field side radially in PCI measurements. From these figures, we can observe that the SOC plasma has larger fluctuations than the LOC plasma. The relative line integrated fluctuation level(| ñ e dl|/n e l) was increased ∼20% in the SOC plasma compared to the LOC plasma from 0.046% to 0.057% when whole k R values are included and the frequency range is set to 50kHz<f<1000kHz.
In the past, there has been an observed "wing" structure in the frequency/wavenumber spectra, S(k R , f ) of PCI measurements of electron density fluctuations in LOC plasmas. This structure disappears after the transition from LOC to the SOC regime, as shown in Figure 22 in [9] . However, we could not observe in our experiments any distinct structure in the PCI S(k R , f ) spectrum for LOC plasmas compared to SOC plasmas as shown in Figure 5 . Since the rotation reversal at the LOC/SOC transition occurs inside in a q=3/2 surface [9] , the plasma current may be related to whether this feature in the PCI spectra appears or not. Moreover, it was only in a high plasma current LOC discharge (I p ≥1 MA) that the wing structure was observed in the past and the plasma in Figure 5 has lower plasma current (I p ∼0.9 MA). Thus, low plasma current might be responsible for the lack of wing structure in Figure 5 . However, it is unclear whether the plasma current is directly related to the wing structure or other relevant parameters that scaled with plasma current. The relation between the wing structure to the LOC/SOC transition is still inconclusive and is being investigated. It is noteworthy that this feature in PCI spectra has been localized by past analysis to a radial region farther inside of the plasma [9, 10] than the CECE measurement position (ρ ∼0.8) in this work. In addition, one discharge used in Figure 6 has the wing structure. However, the contribution of the wing structure to the relative line integrated fluctuation level (| ñ e dl|/n e l) is negligible.
Variation of electron temperature fluctuations and density fluctuations across the LOC/SOC transition
In order to explore possible causes for the observed differences in how electron temperature and density fluctuations change in ohmic plasmas across the LOC/SOC transition, we studied the dependence of the electron temperature and density fluctuation levels on the normalized average electron density (n e /n crit ) where n crit = 2.8I p /B 0.6 with n crit in 10 20 m −3 , on axis toroidal magnetic field, B, in T and I p in MA, and, is indicative of the transition from the LOC/SOC according to [9] . Since this critical density comes from an empirical scaling, it is hard to say that the plasma with average density value near the critical density is in the LOC or SOC regime. However, considering errors in the scaling, we can robustly say that if this normalized density value is less than 1(n e /n crit < 0.85), the plasma is in the LOC regime, and for the opposite case(n e /n crit > 1.15), plasma is in the SOC regime. Figure 6 shows the changes in electron temperature fluctuations and density fluctuations across the LOC/SOC transition, plotted as a function of n e /n crit . The black points in Figure 6 (a) show the relative electron temperature fluctuation level at ρ ∼ 0.8 in ohmic plasmas without considering the contribution of density fluctuations. Two error sources are considered to estimate the error bar of black points in Figure 6 (a), the random error from CECE radiometer's signal and the uncertainty of IF bandwidth. The random error is evaluated through random noise modeling, and the uncertainty of IF bandwidth is set to 20%. The total error is calculated from error propagation of two errors. The red points in this figure indicate minimum values of relative electron temperature fluctuation level when relative density fluctuation level is 2%. As shown in the figure, the fluctuation levels from both black and red points tend to decrease as the normalized density increases. Thus, even when assuming large (2%) value for the density fluctuation level in the model, it does not eliminate the trend that temperature fluctuations decrease in amplitude with increases in density. Furthermore, since electron temperature decreases as density increases, there must also be a reduction in absolute temperature fluctuation levels, given the measured decrease in relative temperature fluctuation level. It is known that the low frequency fluctuations from PCI measurements propagate in both the ion and electron diamagnetic directions. This indicates that low frequency PCI signals come from the edge [16] , and therefore to estimate the core density fluctuation level, we only consider the higher frequency fluctuations. However, it is not clear what the proper cutoff frequency should be to isolate the core density fluctuations, so we varied the cutoff frequency. Unlike electron temperature fluctuations, for which there is a clear correlation between decreasing fluctuation amplitude(T e /T e ) and increasing density, it does not appear that the line integrated density fluctuation level(| ñ e dl|/n e l) depends on n e /n crit , Fig. 6(b) . This is true regardless of the chosen cutoff frequency used to discriminate core fluctuations from edge fluctuations.
Linear stability analysis
We observed robust changes in electron temperature fluctuations across the LOC/SOC transition: reduction of fluctuation amplitude in the SOC regime. This suggests that the broadband electron temperature fluctuations in the LOC regime may be linked to TEM driven turbulence. If this were the case, the reduction of the fluctuations may be explained by the stabilization of TEMs resulting from the increase of density and collisionality in the SOC regime. In order to explore this, linear gyrokinetic simulations are performed using the GYRO code [30] . Since the measured fluctuations were time-averaged (t=0.9-1.4s), we used time-averaged profiles in the same time range as input to GYRO for this analysis. Figure 7 shows the time-averaged profiles for LOC/SOC plasmas. The dotted line in this figure represents the error in the measured profiles. This error was estimated from the standard deviation of time-averaged profiles. The linear stability calculations use the experimental profiles as input. Also in the simulations, one impurity species was used to set the proper dilution fraction of impurity. The main ion density gradient was not changed by including impurities in the simulations.
In Figure 7 , a/L Te indicates the normalized scale length of T e by minor radius, a, and defined as a/L Te = a|d(lnT e )/dr|. In the same manner, a/L ne and a/L T i are normalized scale lengths of n e and T i , respectively. Table 1 shows the profile data at the CECE measurement position. At the CECE measurement position (ρ ∼ 0.8), we find that the LOC plasma has a higher mean value of electron temperature and a/L Te value than the SOC plasma while displaying a lower electron density. Both plasmas have similar a/L ne , a/L T i and T e /T i values. The LOC plasma has lower collisionality, ν * e , than the SOC plasma due to smaller electron density and higher electron temperature. Collisionality, ν * e , is defined as ν * e = νe ω b,e , where ν e is the electron ion collision frequency and ω b,e is the electron bounce frequency. The collisionality in the table 1 was calculated from TRANSP ‡.
While it is not possible to measure the heat fluxes directly, we perform power balance analysis using the TRANSP code to obtain experimental values for Q e and Q i , the electron and ion heat fluxes, and χ e and χ i , the diffusivities, χ = −Q/n dT dr . Figure 8 shows the electron and ion heat diffusivities and heat fluxes for LOC and SOC plasmas. The error in this figure was estimated from time averaging of the TRANSP calculated heat fluxes and diffusivities over the steady periods of interest. As shown the figure, the LOC plasma has higher electron heat diffusivity and heat flux than the SOC plasma, although their difference is within the error. This result is consistent with the similar analysis performed in the past in FTU [7] and C-Mod [16] , but inconsistent with the result in Tore Supra [3] .
The lower collisionality in the LOC plasmas will increase the effect of trapped particles, enhancing the TEM. Moreover, the LOC plasma has higher mean a/L Te . Since TEMs are driven by electron pressure gradient scale length [31, 32] , higher a/L Te value could destabilize TEMs. Thus, we can expect that TEMs are more unstable in the LOC plasma at the CECE measurement position. On the other hand, ITG modes are driven by the parameter, η i , which is defined by the ratio of density gradient length to ITG length. Assuming the ion density gradient is similar to the electron density gradient, η i value will be similar in both plasmas since the two plasmas have similar a/L ne and a/L T i . Thus, we expect a similar level of ITG turbulence at CECE measurement position. Unfortunately for these plasmas, we do not have a reliable profile of the radial electric field from which to extract the ExB shearing rate at the CECE measurement position. However, we expect ExB shearing rate at the CECE measurement position is very similar for these two plasmas since the radial electric field can be approximated as V tor B pol for these ohmic plasmas, and the rotation profile outside q=3/2 surface is not changed across LOC/SOC transition [9] . Quantitative ExB shearing rates will be obtained in the future to allow for comparisons with linear growth rates.
The results of linear GYRO simulations at the CECE measurement position are shown in Figure 9 . From the linear GYRO simulation, we can obtain the information about the dominant mode (fastest growing mode) which has the largest growth rate. In order to obtain more information about the turbulence, including sub-dominant modes and interaction between modes, a nonlinear simulation is required, and this is left for future work. In Fig. 9 , the real frequency(ω r ) and growth rate(γ) of the dominant turbulence mode is shown as a function of k y ρ s . Figure 9(a) and (b) show the results in LOC and SOC plasma, respectively. The frequency and growth rate are normalized by c s /a, where c s is the ion sound speed, and a is the minor radius of the plasma. In the GYRO simulation, a positive real frequency indicates modes rotating in the electron diamagnetic drift direction and a negative frequency indicates modes rotating in the ion diamagnetic drift direction. The real frequency has a positive value over the whole k y ρ s range in the simulation from Figure 9 (a), indicating electron mode turbulence is dominant in the LOC plasma at the CECE measurement position. However, from Figure 9 (b), it is hard to say what the dominant turbulence mode in the SOC plasma is because ion modes are dominant in the low k y ρ s range (long wavelength turbulence) and the dominant mode changed in k y ρ s larger than 0.6 in the SOC plasma. It is noteworthy that CECE can only measure long wavelength fluctuations, which have k y ρ s < 0. 3 . In Figure 9 , the shaded region indicates the values of k y ρ s to which CECE is most sensitive. In this long wavelength region, it is possible that electron modes are connected to TEMs, and ion modes are connected to ITG modes. The linear stability analysis indicates that the larger broadbandT e Te fluctuations that CECE measures in LOC plasmas come from TEM driven turbulence, which is diminished as ITG modes became dominant in the SOC plasma.
In order to consider errors of input profiles in Figure 7 and to determine the driving gradients for the ion and electron modes identified in Figure 9 , we performed a scan of the gradients a/L T i and a/L Te . Figure 10 shows the result of this analysis where the contours of the growth rate of the most unstable linear mode in the k y ρ s range[0. 1-0.3] are plotted. This k y ρ s range was chosen to best evaluate changes in the long wavelength turbulence measured by CECE. However, we note that the qualitative results are not changed when k y ρ s range is extended to higher value(∼ 0.6). The x and y axes indicate the values of a/L T i and a/L Te used in each simulation, respectively, and the thick black line in the contour indicates the boundary between electron and ion modes. The location of the a/L T i and a/L Te value from the experiment is marked by + sign, and shaded region indicates the experimental region within the errors. We can see that the growth rate in the upper left region is sensitive to the a/L Te value. Consequently, the dominant turbulence mode in this region is driven by the electron temperature gradient, indicating TEM-type turbulence. In contrast, the growth rate of lower right region of the contour is sensitive to the a/L T i value, so that the dominant mode in this region is driven by the ion temperature gradient, indicating the ITG mode. From Figure 10 (a), it can be seen that the LOC plasma is in the electron mode dominant region in most of the input data range, including errors. We can note that the SOC plasma is near the boundary between TEM and ITG mode, Figure 10(b) . The error for a/L T i in Figure 7 came from the photon statistics. There will be also instrumental error. In order to include errors from both photon statistics and instrumental error, the error of a/L T i was set to 20% in this contour.
The linear analysis of these plasmas indicates a change from TEM to ITG across the LOC/SOC transition only in the edge region where CECE measurements are made. This is interesting since it is the rotation reversal across the LOC/SOC transition occurs further inside, near the q=3/2 surface, and ITG/TEM stability only changes outside of this region. The linear analysis at r/a∼0.5 is shown in Figure 11 . Both LOC and SOC plasmas are ion mode dominant at this radial location. This result is consistent to the previous non-linear GYRO analyses for LOC/SOC plasmas in C-Mod [16] , and also consistent with another C-Mod study that showed the LOC/SOC plasmas straddled the linear ITG/TEM boundary at r/a∼0.6 [11] . In order to explore the ITG/TEM transition deeper in the core, we need to measure local electron temperature fluctuations farther inside. However, the present CECE optics limit the CECE measurement position up to ρ ∼0. 7 , and CECE measurements deeper inside LOC and SOC plasmas is left for future work.
Although the linear stability analysis results suggest that the measured reduction in electron temperature fluctuations at ρ ∼0.8 across the LOC/SOC transition is consistent with a change from TEM to ITG turbulence, we need more information to understand the change in global ohmic energy confinement. From linear stability analysis alone we do not obtain information about the heat flux or fluctuation levels, and in the experiment we cannot measure phase angles for fluxes directly. However, we can combine experimental data with theoretical predictions to estimate the differences in turbulent heat fluxes for the C-Mod plasmas of interest. To do this, we calculate the linear cross phase angle between two fluctuating quantities from GYRO, which is a function of poloidal wave number, k y . We then calculate the phase angle between the two fluctuating fields by averaging over CECE relevant values of k y . Using this calculated phase angle and the measured fluctuation levels, we estimate the heat flux due to turbulence. Since we cannot know the change of potential fluctuation level and the change of the average wave number of the fluctuations from either the linear GYRO simulation or the measurements in this study, there are still limitations in the following analysis. However, tracking the change of calculated linear phase angle between two fluctuating quantities will help elucidate the physics of LOC/SOC transition. We emphasize that only linear phase angles are used in our analysis here. In past simulation studies, it was found that the phase angles from linear analysis agree well with the phase angles from non-linear gyrokinetic simulations for experimentally relevant values of normalized gradient scale lengths [33, 34] .
The energy flux due to electrostatic turbulent transport, Q, is given by < 3 2pṽ r >, wherep is the fluctuation in the pressure,ṽ r is the radial ExB velocity. In addition, <> indicates that this is an averaged quantity. This can be expressed as,
From Eq. 10, we can see that turbulent energy transport is a function of phase angle, as well as the fluctuating amplitude. If the phase angle betweenñ andφ, α n,φ = 0, then there will be no contribution from density fluctuations to turbulent heat transport. We can expect the same relation for the phase angle betweenT andφ, α T,φ . Thus, not only the fluctuating amplitude but also the cross phase angle can be a good indicator of which fluctuating quantity can significantly affect the transport. Since energy flux is approximately proportional to γ/k 2 y , long wavelength (low k y ) turbulence dominates the energy transport [35] .
We evaluate the mean phase angles α n,φ and α T,φ for small k y ρ s , up to ∼ 0.3, roughly the range to which CECE is sensitive. Table 2 shows α n,φ and α T,φ for both electrons and ions at the CECE measurement position in the LOC and the SOC plasmas. For phase angles betweenñ andφ, both electron and ion phase angles (α ne,φ , α n i ,φ ) are changed from ∼ 100
• to ∼ 40
• after the LOC/SOC transition. This implies that the contribution of density fluctuations to heat flux will be decreased for both the ion and electron channels if the amplitude of density fluctuations stays the same. In contrast, the phase angle betweenT e andφ, α Te,φ is near 90
• in both LOC and SOC regimes, and the phase angle betweenT i andφ, α T i ,φ , changes from ∼ 46
• to ∼ 77
• , which indicates that in the SOC regime, even if theT i amplitude stays the same, the change in phase angle means that theT i contribution to the ion heat flux, Q i is increased.
Since we measure lower electron temperature fluctuations in the SOC regime, and the calculated sin α Te,φ is almost the same in both regimes, we can expect that contribution to the electron heat flux, Q e , fromT e will decrease in the SOC regime. From the measured line-integrated density fluctuations, we find that the relative fluctuation amplitude stays roughly the same across the LOC/SOC transition, but the calculated sin α ne,φ is reduced in the SOC regime, which indicates that due to the change in phase angle (rather than amplitude), the contribution to Q e fromñ e is reduced in the SOC regime. Based on linear phase angle calculations and the measurements of the two-field fluctuations, we conclude that the electron heat flux should actually be reduced in the SOC regime but the ion heat flux should increase compared to LOC regime.
The difference in experimental heat diffusivities between the LOC and SOC plasmas are consistent with the estimates of turbulence-driven heat fluxes calculated changes in the linear phase angle and measured fluctuation levels,T e /T e and | ñ e dl|/n e l. For ions, we find that the SOC plasma has higher ion heat diffusivity and heat flux than the LOC plasma. It is noteworthy that our analysis shows thatT i changed to in phase withφ in the SOC regime, which implies that ion heat transport can be enhanced due to the increase of the contribution ofT i in the SOC regime even if the amplitude ofT i stays the same. By "in phase" we mean the phase angle that gives the maximum contribution to heat transport, i.e., α = π/2. Consequently, "out of phase" indicates α = 0, with minimum contribution to heat transport. Our analysis indicates the saturation of energy confinement in ohmic plasmas is due to the increase of the ion heat flux, which can be attributed to phase angle changes (rather than fluctuation level changes). Since ITG turbulence has long been considered to be the reason for the saturation of confinement in ohmic plasmas, it is possible that this phase change is related to the change from TEM to ITG turbulence in ohmic plasmas as density is increased. To explore this further, nonlinear gyrokinetic analysis and expanded measurement capabilities are required.
Summary and Conclusion
In this study, we have examined for the first time changes in both electron temperature fluctuations and density fluctuations measured simultaneously across the ohmic confinement transition (LOC / SOC). Local electron temperature fluctuations (ρ ∼ 0.8) were measured by the newly commissioned CECE diagnostic, and the PCI diagnostic was used to measure line integrated electron density fluctuations. We could not find any clear trend from PCI measurements across the LOC/SOC transition. Density fluctuation levels(| ñ e dl|/n e l) change very little despite an increase in the fluctuation intensity(| ñ e dl| 2 ) as the average density is increased (as shown in Figure 11 in [16] ). However, from CECE measurements, we observed a robust reduction of relative electron temperature fluctuation level,T e /T e in the SOC regime compared to the LOC. From linear stability analysis, for the long wavelength turbulence where the CECE diagnostic is most sensitive, k y ρ s < 0.3, the LOC plasma is electron mode dominant at the CECE measurement position and the SOC plasma is ion mode dominant. These linear stability results and the CECE measurements support the conventional interpretation of LOC and SOC regimes: LOC is TEM dominant, and SOC is ITG mode dominant.
In order to explore this further, the phase angle betweenñ andφ and the phase angle betweenT andφ were calculated from linear analysis and were combined with measurements of fluctuation amplitudes to estimate heat flux due to turbulence using a simple mixing length argument. It was found that both electron and ion density fluctuations become more out of phase with the potential as the plasma transitions from LOC to SOC while the phase between electron/ion temperature fluctuations and the electrostatic potential is unchanged/more in phase, respectively. Considering both experimental results and calculated phase angles, we would expect a decrease of electron heat transport in the SOC regime compared to the LOC regime. This is in qualitative agreement with the experimental trend in electron heat diffusivity. We also observed higher ion heat diffusivity in the SOC plasma, which may be consistent with the change of ion temperature phase angle in the SOC regime, but there are no measurements of ion temperature fluctuations available to constrain this result.
We find that the measurements of density and electron temperature fluctuations, the experimentally inferred changes in ion and electron heat transport, and the linear gyrokinetic analysis results presented in this paper are consistent with the conventional interpretation or hypothesis about the LOC/SOC transition. However, we also realize that this ansatz is a crude statement. We have also shown that the dominant linear instability varies across the plasma profile in LOC and SOC plasmas and it is therefore hard to say which mode, in which region, may be responsible for the global transition of confinement regime. Thus, additional measurements full profiles of local fluctuations, as well as global (line integrated) fluctuations are required to further investigate the physics of the LOC/SOC transition. Future analysis using non-linear gyrokinetic simulations and CECE measurements deeper in the core will help elucidate the physics of the LOC/SOC transition. correlation coefficient Thermal noise level of the radiometry is given by [36] , Using Eq. A.9 and A.10, C xy (0) will be,
Thus, relative fluctuation level(T e /T e ) is,
Appendix B. Derivation of T e fluctuation level calculation using cross spectral density function
We can also obtain the relative fluctuation level(T e /T e ) by integrating the cross spectral power density, G xy (f ). The root mean square(RMS) fluctuation amplitude of the CECE signal can be obtained by integrating the cross spectral power density in the frequency range in which broadband fluctuations are observed [26] . For uncalibrated signals, the RMS fluctuation amplitude will be proportional to the integration of the cross spectral power density.T where c x and c y are calibration factors for x(t) and y(t) respectively, and [f 1 , f 2 ] is the frequency range in which the fluctuations are observed. In order to obtain the relative fluctuation level,T e /T e for the uncalibrated signal, we should find the mean temperature, T e from this signal. From appendix A, it was shown that the auto correlation when lag time is equal to 0 or variance of the signal is mostly given by thermal noise. Thus, using Eq. A.7, we can reasonably approximate the variance of the signal is,
As appendix A, x(t) is represented as x(t) =x(t) +x(t).
According to Parseval's theorem, the sum of the square of time series data is the same as the sum of the square of Fourier transformed data. When the measured time range is from t 1 to t 2 and total measuring time is T, Parseval's theorem can be written as,
where X T (f ) is the Fourier transformed quantity during time length, T. The variance for the data is defined as,
Using Eq. B.4 and Parseval's theorem, we can obtain the information of the mean value from the Fourier transformed quantity. Assuming we treat only the fluctuating component for the Fourier transform, i.e.,x(t) = 0, variance can be represented as,
Then, the average value,x(t), can be obtained:
The mean temperature in CECE measurements can be obtained using a calibration factor in Eq. B. 1 .
In CECE measurements, two data sets are required. Assuming that the temperatures from two adjacent channels are the same, the mean temperature and the relative fluctuation level(T e /T e ) will be represented as,
Using Eq. B.9, the relative T e fluctuation level can be determined. 
